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The magnetic properties of polycrystalline TbðCoxNi1xÞ2B2C (x¼0.2,0.4,0.6,0.8) samples were probed
by magnetization, speciﬁc heat, ac susceptibility, and resistivity techniques. For xa0:4, the curves
obtained are consistent with the features expected for the corresponding magnetic modes, namely
k1 ¼ ð0:55,0,0Þ at x¼0; k2 ¼ ð12 ,0, 12Þ at x¼ 0:2 and 0.4; k3 ¼ ð0,0, 13Þ at x¼ 0:6, and k4 ¼ ð0,0,0Þ at x¼0.8
and 1. For each of these compositions, we thoroughly discuss the analyses leading to the determination
of the magnetic critical temperature through separate independent measurements. For x¼0.4, even
though neutron diffraction indicates a k2 mode (but with a reduced magnetic moment) the
magnetization, the ac susceptibility, and resistivity indicate two magnetic events, in sharp contrast
with other concentrations, for which a single critical event is observed; furthermore, deviation from
Curie–Weiss behavior is observed below 150 K for this sample. These features, together with the
evolution of both magnetic moment and critical temperature, are attributed to a combination of
crystalline electric ﬁeld effects and an interplay between competing magnetic couplings.
& 2013 Elsevier B.V. All rights reserved.1. Introduction
Coexistence between superconductivity and some degree of
magnetic order has been found in a wide variety of systems, such
as quaternary rare-earth borocarbides [1,2], heavy fermions [3]
and, more recently, in iron pnictides [4]; even members of the
cuprate family have been found in which coexistence of anti-
ferromagnetism and superconductivity is induced through an
increase in the number of CuO2 layers [5]. In view of this
widespread feature, a thorough study of magnetism in members
of these families is surely of interest, given that it should be
helpful in highlighting the mechanisms at play.
A particularly convenient class of materials to undertake this
investigation is that of intermetallic borocarbides, RT2B2C; here
we only focus on compositions in which R is a rare earth
atom with 4f moment, and T is an unpolarized transition metal
atom. The R and C atoms are arranged in NaCl-type layers,
and these are stacked on the nonmagnetic T2B2 spacers, forming
an   RC2T2B22RC    pile [1,2]. By judiciously choosing R and T,
one can tune superconductivity and a multitude of ground-state
magnetic arrangements of these 4f moments; it should be
recalled that superconductivity in these materials, when present,
is driven by conventional electron–phonon coupling, and is three-
dimensional, though originates mainly within the T2B2 sheets.ll rights reserved.
ami).The possibility of a wealth of different behaviors can be accounted
for within a very simple picture, since different combinations of R
and T lead to different Fermi wavevectors, kF, which control the
modulation of the RKKY coupling; these combinations also tune
the value of the density of states at the Fermi level, which, in turn,
determines the strength of superconducting pairing.
One issue of interest in this broad context is how the magnetic
and transport properties of these borocarbides are modiﬁed by a
‘continuous’ change in the electron count which can be brought
about by, e.g., a change in the relative composition, x, of two
different transition metals. It would be particularly helpful if one
ﬁrst establishes how these properties evolve with x in systems
without superconductivity, and we have chosen to investigate the
behavior of TbðCoxNi1xÞ2B2C; this will then calibrate the behavior
of superconducting members. We have recently reported [6] on the
magnetic structure of these compositions as obtained from neutron
diffraction (ND) measured at two different temperatures, namely,
T¼30 K and T¼1.5 K. The magnetic modes of the Tb sublattice were
found to vary strongly with x: the longitudinal spin density wave,
LSDW, k1 ¼ ð0:55,0,0Þ state at x¼0 is transformed into a collinear
k2 ¼ ð1=2,0,1=2Þ antiferromagnetic (AFM) state at x¼0.2 and
x¼0.4; then into a transverse, c-axis modulated k3 ¼ ð0,0,1=3Þ
mode at x¼0.6, and, ﬁnally, into a simple ferromagnetic (FM)
structure, k4 ¼ ð0,0,0Þ, at x¼ 0:8 and 1.0 (see Table 1). In Ref. [6]
we have also compared the magnetic moments obtained from ND
data at 1.5 K with those obtained from magnetization measure-
ments at a ﬁxed temperature of 2 K; while for most of the
compositions the agreement between these estimates was quite
Table 1
Selected magnetic properties of TbðCoxNi1xÞ2B2C (adapted from Ref. [6]). mND (mM) is the zero-ﬁeld (90 kOe) value obtained from neutron diffraction (magnetization
isotherm). Tcr(x) is the critical point, as determined by different experimental probes (see text). As seen, except for x¼0.4, the transition points obtained decrease
monotonically with x, and, interestingly, tracks the behavior of the unit-cell volume [6].
x 0a 0.2 0.4 0.6 0.8 1.0b
Structure LSDW AFM AFM TSDW FM FM
k (0:55,0,0) (12 ,0,
1
2) (
1
2 ,0,
1
2) (0,0,
1
3) (0,0,0) (0,0,0)
9m!9ND (mB) 7.8 7.6(1) 3.7(2) 8.5(2) 8.7(2) 7.6
9m!9Mð90 kOeÞ (mB) 7.4(1) 4.1(1) 7.6(2) 7.7(1) 7.6(1) 7.2
Tcr (K) from CðT ,xÞ 15c 10.2(2) T2 ¼ 4:8ð3Þ Kd 7.6(3) 5.9(2) 6.6e
Tcr (K) from wdcðT ,xÞ – 10.4(2) T1 ¼ 11:0ð2Þ K, T2 ¼ 4:3ð3Þ K 7.6(2) 5.9(2) –
Tcr (K) from wacðT ,xÞ – 10.3(2) T1 ¼ 11:8ð2Þ K, T2 ¼ 4:0ð2Þ K) 7.6(2) 5.9(2) –
a Ref. [7].
b Ref. [8].
c See Ref. [7]. The speciﬁc heat of TbNi2B2C from the present batch peaks at Tp ¼ 13:2ð2Þ K.
d Only one event can be discerned (see text and Fig. 4(b)).
e Ref. [8]. The speciﬁc heat of TbCo2B2C from the present batch peaks at Tp ¼ 5:6ð3Þ K.
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moment estimated from ND analysis was smaller than that from
magnetization measurements. In view of this, a thorough investiga-
tion on several thermodynamic quantities is immediately called for,
in order to map out the extension of the peculiarities of the x¼0.4
sample. With this in mind, here we report on the detailed tempera-
ture dependence of several magnetic and transport properties of
different compositions of TbðCoxNi1xÞ2B2C. As we will see, the
behavior of the x¼0.4 sample is anomalous in many respects; for
each composition, x, we also discuss in detail the determination of
the magnetic critical temperature, Tcr(x), based on different and
complementary measuring techniques.
The layout of the paper is as follows. In Section 2 we outline the
measuring techniques employed, while in Section 3 the results
are analyzed. Section 4 closes the paper with discussions and
conclusions.2. Experimental
The polycrystalline samples used in this work were the same
as the ones used previously [6] for collecting neutron diffracto-
grams. The only difference is that the diffractograms and ac
susceptibility have been collected on powdered samples, while
both magnetization and speciﬁc heat have been measured on a
same small solid piece. This choice of solid form, instead of a
powder one, is dictated by the requirement of the speciﬁc-heat
set-up. Since this introduces strong anisotropic features [9], then,
as expected, the shapes of ﬁeld-dependent curves are consider-
ably different from those obtained on powdered or single crystal
samples; nevertheless, the analysis and interpretation of these
curves are straightforward (see below).
Magnetization and dc susceptibility (M, wdc ¼M=H, 2oTo
20 K, Hr90 kOe) were measured on an extraction-type magnet-
ometer, while the speciﬁc heat (C, 2oTo 40 K, H¼ 0,30 kOe)
was measured on a relaxation-type calorimeter. AC susceptibilities
(wac ¼ @M=@H, fr10 kHz, 2rTr20 K, hacr10 Oe, Hr90 kOe)
were measured on a mutual-induction susceptometer.
Longitudinal magnetoresistivity rðT ,H,I:HÞ of a polycrystalline
x¼0.4 sample was measured by a conventional, home-made, in-
line four-point magnetoresistometer for 0rHr50 kOe,
1:8rTr300 K, and 0:1r Ir1 mA. The residual resistivity ratio,
RRR rð300 KÞ=rð1:8 KÞ, was found to be  1; this large value is
attributed to the relatively large temperature-independent scat-
tering, arising from the random distribution of Co/Ni atoms.
Most measurements, in particular those on the x¼0.4 sample,
exhibit strong hysteresis effects. In order to avoid any complica-
tions arising from the associated history effect, samples wereheated up to 50 K (or even higher temperatures) between succes-
sive measurements. Due to these hysteresis effects, as well as to
the widespread, and sometimes ill-deﬁned shape of the peak
associated with magnetic order, the identiﬁcation of a unique
transition point was found to be difﬁcult. Accordingly, two
deﬁnitions of the critical temperature were adopted (see
Table 1): (i) T 0crðxÞ is deﬁned as the point where CðT ,xÞ starts to
increase, or the entropy, SðT,xÞ, starts to deviate downwards away
from the high-T extrapolation, though in some cases T 0crðxÞ is
manifested as a shoulder; (ii) the peak-maximum, Tp(x), of CðT ,xÞ,
rðT ,x¼ 0:4Þ, wdcðT,xÞ, and wacðT,xÞ. The difference between T 0crðxÞ
and Tp(x) is most probably related to atomic distributions. At any
rate, these identiﬁcations would not cause any loss of generality,
or modify our conclusions. Finally, it is worth mentioning that,
based on structural (both X-ray and neutron) analysis as well as
thermodynamic and magnetic diffraction studies [6], it is con-
cluded that the observed magnetic events are intrinsic and related
to the Tb sublattice; nevertheless, our present analysis would not
rule out some weak magnetic contamination from spurious
impurities. However, such contaminating features (being extre-
mely weak) would not inﬂuence any of the conclusions reached in
this work.3. Results and analyses
3.1. Magnetization
Representative wdcðT,xÞ curves are shown in Fig. 1. wdcðT,x¼ 0Þ of
TbNi2B2C (not shown) indicates an AFM-type behavior, with a weak
FM anomaly at lower temperatures [9]. Similarly, wdcðT ,x¼ 1Þ of
TbCo2B2C (not shown) exhibits the onset of the FM state together
with the characteristic ZFC and FC branches [8]. Some data for these
two limiting compositions have been collected in Table 1. For each
intermediate composition, wdcðT,xÞ evolves between these two
limits. Based on the magnetic structures identiﬁed in Ref. [6], one
is able to associate the shape of wdcðT ,x¼ 0:2Þ with the k2 AFM
mode, and those of wdcðT ,x¼ 0:6,0:8Þ with the k3 and k4 modes. By
contrast, the shape of wdcðT ,x¼ 0:4Þ is distinctly different, and
manifests strong hysteresis effects: during the warming branch,
two events appear (see the inset in Fig. 1(b)), one at
T1 ¼ 11:070:2 K, and another at T2 ¼ 4:370:3 K.
Typical magnetization isotherms (at 2 K) are shown in Fig. 2(a)–
(d); in the low-ﬁeld regime, these conﬁrm the AFM-type character
of the xr0:4 samples. The comparison between data for the x¼0.6
and 0.8 samples requires additional remarks. First, given the
transverse spin-density wave nature (with k¼ ð0,0,1=3Þ) of the
magnetic order for the x¼0.6 composition, the low-ﬁeld easy-axis
Fig. 1. Magnetic susceptibilities (wdc ¼M=H) for TbðCoxNi1xÞ2B2C. For the zero-
ﬁeld curves of x¼0 and 1, see Refs. [9,8], respectively. Zero-ﬁeld-cooled and ﬁeld-
cooled measurements (H¼200 Oe) were carried out on warming and cooling
branch, respectively. Inset: expansion of the x¼0.4 curve, showing the T1 and T2
events on the warming-up branch (see text).
Fig. 2. Magnetization isotherms of TbðCoxNi1xÞ2B2C: (a) x¼0.2, (b) 0.4, (c) 0.6,
and (d) 0.8, measured at T¼2 K. (e) Magnetization isotherms of the x¼0.4 sample,
measured at 2, 4, 8, 12 and 20 K. (f) These same curves are plotted against H=T.
The dashed lines represent the calculated Brillouin function (g¼1.5, J¼6) which is
scaled to the saturation moment of 7.6 mB. Inset of panel (d): a comparison of low-
ﬁeld M(H,T¼2 K) isotherms of x¼0.6 and 0.8 emphasizes the difference in their
magnetic modes: due to polycrystalline form, the expected abrupt rise at the spin-
ﬂop event of x¼ 0:6 is smoothed out. The difference among the two compositions
is also evident in the initial slope of their M(H) isotherm as well as in the wdcðTÞ
curves of Fig. 1: wdcðT ,0:6Þ is relatively smaller and lacks hysteresis features while
wdcðT ,x¼ 0:8Þ is four times stronger and with thermal evolution and hysteresis
effects that are typical signatures of a FM mode. Inset of panel (e): thermal
evolution of the M(H, x¼0.4), H¼ 50, 90 kOe, indicating the absence of any event,
neither at T1 nor at T1 (color on web page of this article).
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would show no net magnetization; a non-zero value would only
appear when the ﬁeld is sufﬁciently strong to induce a spin-ﬂop
(SF) transition, whose signature is a sharp rise ofM at such SF ﬁeld.
However, since our magnetization measurements were carried out
on polycrystalline samples, the abrupt rise is smoothed, leading to
a convex M(H)-curve rising from H¼0; see the red curves (ﬁlled
circles) in the inset of Fig. 2(d). This should be contrasted with the
typical FM curve for the polycrystalline x¼0.8 sample, shown in
the same inset as the black curves (open circles). Further, given
that wdcðT,xÞ ¼M=H, which for H-0 is practically the initial slope
of M(H) isotherm, the above discussion provides yet another
criterion to distinguish between FM and AFM characters:
wdcðT ,0:6Þ (Fig. 1(c)) is relatively smaller, and lacks hysteresis
features, consistent with an AFM-like magnetic mode, while
wdcðT ,x¼ 0:8Þ (Fig. 1(d)) is roughly four times larger, and with
thermal evolution and hysteresis effects, which are typical signa-
tures of a FM mode.
Fig. 2 also shows that, within the high-ﬁeld regime, the
magnetic moments saturate as H- 90 kOe; their estimated
values are shown in Table 1. A closer look at the magnetic
moment data in Table 1 shows that, in comparison with m!ND,
9m!9Mð90 kOeÞðxÞ for x¼ 0:0,0:6,0:8 and 1.0 are in reasonable agree-
ment, but those for x¼0.2 and 0.4 differ signiﬁcantly. For x¼0.2,
the anomalously lower value of 9m!9Mð90 kOeÞ is attributed to the
strong anisotropic character of this sample, which hinders thesaturation to full moment value; indeed, full saturation is recov-
ered when the magnetization is measured on a powdered
x¼0.2 sample. On the other hand, high ﬁeld data for x¼0.4
indicate an almost fully saturated parallel component. This
suggests that the mechanisms leading to a reduction in the
zero-ﬁeld m!ND are no longer effective upon application of a
90 kOe ﬁeld; more on this below. In order to follow this process,
we have measured various MðT ,H,x¼ 0:4Þ curves; see Fig. 2(e).
When these are plotted as functions of H=T (Fig. 2(f)), three
different regimes can be identiﬁed. At high temperatures, all
curves collapse very closely onto the Brillouin function, consis-
tently with a paramagnetic state. Interestingly, upon lowering the
temperature this behavior changes over near T1, when the curves
start deviating downwards, away from the Brillouin function,
signalling the appearance of a non-zero Weiss molecular ﬁeld.
This persists down to T  T2, below which MðH=TÞ shows appreci-
able hysteresis, and saturation is reached at higher H=T values.
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magnetization are shown in the inset of Fig. 2(e): when ﬁelds of
50 and 90 kOe are applied, the moment is almost saturated, and
its thermal evolution shows a smooth monotonic reduction, with
no sign of anomaly at, or below, T1 or T2; manifestations of these
events only appear at lower ﬁelds.
The high-temperature susceptibility for the x¼ 0:4, 0:6, and
0.8 samples show a well deﬁned Curie–Weiss (CW) behavior (Fig.
3(a) and (b)), with meff ðx¼ 0:4Þ ¼ 9:3 mB, meff ðx¼ 0:6Þ ¼ 9:9 mB, and
meff ðx¼ 0:8Þ ¼ 9:8 mB; these are very close to the theoretical value of
9:72 mB for the free Tb
3þ ion. By contrast, no such agreement is
observed for x¼0.2: this is related to the strong preferred orienta-
tion (see the discussion of Fig. 2(a)). As the temperature is lowered,
the x¼0.4 sample shows another anomalous behavior: below 150 K,
wdcðTÞ deviates sharply from the CW curves (continuous (red) curves
in Fig. 2(b) and (c)); at even lower temperatures, strong hysteresis
effects appear, as discussed above, in relation to Fig. 1(b). Interest-
ingly, upon application of a 50 kOe ﬁeld, the CW behavior of wdcðTÞ
for x¼0.4 now survives down to much lower temperatures (Fig.
3(b) and (c)), and no hysteresis effects are manifested (inset of 3(b)).
Therefore, the anomalous magnetic response of the x¼0.4 sample is
suppressed by a sufﬁciently strong ﬁeld.
We close this subsection with some comments relative to the
determination of Tcr(x) from susceptibility data, which appear in
Table 1. For all samples, except for x¼0.4, Tcr(x) was obtained in
the usual way, namely, at the maximum or inﬂection point for
AFM’s, and at the maximum slope or splitting of ZFC and FC
curves for FM’s; by contrast, for x¼0.4 no such standard signature
was found in the susceptibility data, and, accordingly, Table 1
quotes T1 and T2 instead.Fig. 4. Speciﬁc heat of TbðCoxNi1xÞ2B2C. Open symbols: measured at H¼0; closed
symbols: measured at H¼30 kOe. In panel (b), while the wide shoulder can be
attributed to T2 event, there are no visible manifestation of the T1 event. The weak
shoulder appearing at  4 for the x¼0.6 and 0.8 curves is attributed to the same
anomalous feature reported earlier in TbCo2B2C (see Ref. [8]).3.2. Speciﬁc heat
Speciﬁc heat curves, CðT ,x,HÞ, are shown in Fig. 4, while the
calculated entropy curves, SðT ,x,HÞ, are shown in Fig. 5. At suchFig. 3. (a) Thermal evolution of the inverse dc susceptibility of TbðCoxNi1xÞ2B2C,
wdcðTÞ ¼ 0:125 m2eff=ðTyCW Þ emu/mol where meff (in mB) is the effective moment, while
related to the preferred orientation (see text). (b) Same as (a), but for the x¼0.4 sa
susceptibility vs. temperature. Inset: wdcðT ,x¼ 0:4,H¼ 50 KOeÞ on warming (stars) andtemperatures, the magnetic (not the weak electronic, and Debye-
type) contribution is dominant. The overall features of the speciﬁc
heat curves at zero-ﬁeld depend strongly on the underlying
crystal and magnetic structures. For instance, Fig. 4(a) indicates
that the speciﬁc heat for x¼0.2 displays a sharp peak near
Tp ¼ 10 K, in marked contrast to all other concentrations; this is
attributed to the inﬂuence of a strong magnetoelastic coupling,
which causes the magnetic phase transition to be accompanied by
an orthorhombic structural distortion [10–12]. The corresponding
entropy curve for H¼0 (empty circles in Fig. 5(a)) shows a
decrease below T  10:2 K: this is associated with the magnetic
critical temperature for x¼0.2 (see Table 1). Under a ﬁeld of
30 kOe, the peak in the speciﬁc heat is still present, thoughx¼ 0:2,0:6, and 0.8 for H¼200 Oe; the solid lines represent the reciprocal of
yCW (in K) is the Curie–Weiss temperature. The deviation of the x¼0.2 curve is
mple, and for both H¼1 kOe and 50 kOe. (c) Same data as (b), but now is the
cooling (circles) branch, indicating the reduction of hysteresis effects.
Fig. 5. Thermal evolution of the calculated entropy of TbðCoxNi1xÞ2B2C. The
horizontal arrows indicate the entropy associated with a doublet (2), triplet (3),
and quadruplet (4) state. The H-dependence of the low-temperature entropy
reﬂects how the applied H¼ 30 kOe modiﬁes the magnetic modes: it increases the
disorder in x¼0.2, suppresses the frustration in x¼0.4, reorients the modulated
moments to favor the component along H for x¼0.6, and sweeps out the
randomness due to the FM domains in x¼0.8.
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this particular solid sample (with strongly preferred orientation),
the saturation ﬁeld is higher than 30 kOe, a feature consistent
with the above-mentioned anisotropy-limited saturation of the
magnetic moment (see Fig. 2(a)), and the anomalous CW behavior
of Fig. 3(a). Another distinctive feature of the x¼0.2 sample is the
positive, though small, shift in entropy caused by the application
of the ﬁeld; this is due to the fact that the tetragonal-to-
orthorhombic distortion occurring at zero-ﬁeld for this concentra-
tion is suppressed by a 30 kOe ﬁeld, thus eliminating the
corresponding contribution.
Let us now discuss the data for x¼0.4. The speciﬁc heat (Fig.
4(b)) displays a shoulder which, upon comparison with Fig. 1(b),
can be related to the T2 event. By contrast, there is no sign of
anomaly which could be associated with the T1 event; this
suggests that the amount of entropy involved at the T1 event is
so small that no perceptible change is evident.
The speciﬁc heat curves at zero-ﬁeld for x¼0.6 and x¼0.8
show broad peaks at the respective temperatures at which the
entropy curves start decreasing, signalling the critical tempera-
tures; see Table 1. The weak shoulder appearing near 4 K for both
x¼0.6 and x¼0.8 is attributed to the same feature reported
earlier in TbCo2B2C, namely, a transition to a weakly ferromag-
netic anomalous phase (see Ref. [8]).
The application of a 30 kOe ﬁeld in these samples leads to
featureless thermal evolution of both speciﬁc heat and entropy.
Further, based on the magnetic phase diagrams of TbCo2B2C
(Ref. [8]) and TbNi2B2C (Ref. [9]), a ﬁeld of 30 kOe applied along
the a-axis would force the Tb moments towards saturation. Conse-
quently, the magnetic contribution to the low-T (i.e., ToTcr) speciﬁc
heat for each composition is due to spin-wave excitations from
similar saturated FM states. On the other hand, for T4Tcr the
contributions are due to excitations from similar CEF-split levels.
Finally, Fig. 5 shows that SðT,30 kOe) of each composi-
tion increases smoothly with T, reaching values in the range
17–18 J/mol K at 40 K, which are larger than the calculated
contributions of a doublet, triplet, or a quadruplet state. Given
that for all concentrations the entropy at 40 K hardly changes
under a ﬁeld of 30 kOe, one concludes that it is predominantly
due to the single-ion character of Tb3þ(the Zeeman term is much
smaller than the thermal and CEF energies).3.3. AC susceptibility
The discussion so far has unveiled a rather subtle behavior of the
x¼0.4 sample, hence deserving a more thorough analysis.
In order to explore whether there are any dynamic features accom-
panying such anomalous magnetic behavior, we have measured the
ac susceptibility as a function of frequency ðf Þ, H, and T. Indeed there
are strong and unique dynamic signatures which stand out for the
x¼0.4 sample (Fig. 6), in comparison with the conventional ac
susceptibility curves for other compositions, shown in Fig. 7. First,
Fig. 6 exhibits two broad peaks, similar to the ones observed in
Fig. 1(b), though now they are located at T ¼ 11:8ð2Þ K, and 4.0(2) K;
the fact that the peak locations are so close to the T1 and T2 events
(signalled in Fig. 1(b)) can hardly be regarded as fortuitous. Second,
the absence of a frequency-dependent shift at T1 indicates that this
event is related to a transition from paramagnetism to long-range
order. A closer look at the w0acðT,xa0:4Þ curves in Fig. 7 shows that
the peak positions do not depend on the frequency, and that they
occur at the same temperatures as those determined from C(T) and
M(T) curves; this adds credence to the association of T1 with a
magnetic transition and also provides an independent determination
of Tcrðxa0:4Þ shown in Table 1. Third, the T2 event only appears for
the x¼0.4 sample: as that the neutron diffractogram collected [6] at
2 KoT2 indicates an ordered k2 mode, then the picture that emerges
is that this system suffers yet another transition at T2; an order-to-
order transition within the magnetically ordered phase.
Finally, Fig. 8 shows the inﬂuence of a non-zero dc ﬁeld on the
wacðTÞ of the x¼0.4 sample: we see that both w0ac and w00ac are
strongly affected even by a weak ﬁeld, particularly near T1, when
the asymmetric peak is strongly reduced, and a large portion of its
intensity weight is shifted to higher temperatures as H is
increased. This shift to higher temperature is yet another indica-
tion that ferromagnetic bonds are present in larger fractions and
that such ferromagnetic couplings are the main mechanism
behind the T1 event.
3.4. Magnetoresistivity
In many similar cases, a reduction of 9m!9may be attributed to a
Kondo screening. Though it is not common that 9m!9 of Tb3þ is
reduced by such effect, we explored this possibility by checking
whether there is a Kondo-type resistivity minimum for the x¼0.4
sample. Representative resistivity curves, rðT ,H,x¼ 0:4Þ, are shown
in Figs. 9 and 10. The high-T region of the zero-ﬁeld rðTÞ curve in
Fig. 9(a) exhibits a metallic behavior with a linearity range that
extends down to almost 50 K, below which a typical positive
curvature sets in; the inset of this ﬁgure illustrates the decom-
position of the low-temperature, zero-ﬁeld resistivity curve into
Gaussian contributions centred at T1 and T2, and a conventional
metallic Debye–Gru¨neisen contribution [13]. Fig. 9(b) and
(c) indicates that at low temperatures the resistivity is dominated
by the two events associated with the Gaussian peaks of the inset
of Fig. 9(a). The intensity, shape, and position of each peak were
found to depend on sample history, similar to what had already
been noted for the magnetization isotherms. Based on our analysis
of the wdcðTÞ and wacðTÞ curves, these peaks are related to the T1 and
T2 events; the observed shift in the peak positions (as compared
with positions identiﬁed through other methods) is attributed to
the different sensitivity of the resistivity probe.
The ﬁeld dependence of rðT ,H,x¼ 0:4Þ is best seen in Fig. 10(a).
Both the upper inset of Fig. 10(a) and (b) indicate that the
hysteresis effect decreases sharply with temperature, in particular
above T1. Moreover, the lower inset of Fig. 10(a) indicates that
upon increasing H, rð2 K,HÞ increases, but, surprisingly, upon
decreasing H, no corresponding decrease is observed in the
resistivity: this stands in sharp contrast to the expectations based
Fig. 7. Thermal evolution of the zero-dc-ﬁeld, real component of the ac suscept-
ibility of the x¼0.2, 0.6, and 0.8 samples, taken at 100, 200, and 500 Hz, with
hac ¼ 325 Oe.
Fig. 6. Thermal evolution of the ac susceptibility for the x¼0.4 sample, taken at hac ¼ 10 Oe, and various frequencies. (a) w00ac: the out-of-phase component and (b) w0ac: the
in-phase component. No frequency-dependent variation in the T1 peak position (in contrast to the intensity) is evident. Inset: an expansion of the T2 peaks showing only a
10% reduction in the peak position when the frequency is varied over a four-decade range (denoted by the short vertical arrows).
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metastable state.
The observation that higher ﬁelds increase T1 is an indication that
the dominant couplings at T1 are ferromagnetic; this conﬁrms the
ﬁndings drawn from the wdcðT ,H,x¼ 0:4Þ and wacðT,f ,H,x¼ 0:4Þ
studies. The intensity of the T1 peak is relatively strong, and, as a
consequence, the total isoﬁeld resistivity curve exhibits a minimum
situated well within the paramagnetic regime; as shown above, this is
not a Kondo minimum.4. Discussion and conclusions
The data presented here show that a variation in the ratio of Ni
and Co concentrations modiﬁes the Fermi momentum, which inturn alters the spatial scale of the RKKY oscillations, and, as a
consequence, the magnetic couplings; the overall effect is that an
x-dependent control of the magnetic properties is achieved.
Further insight into the evolution of these couplings can be
gained if we separate the following three doping regimes: (i) In
the x¼0 limit, the magnetic structure is a LSDW mode [14–16],
resulting from dominant AFM couplings. On the other hand, its
high-temperature CW behavior suggests that the presence of sub-
dominant FM couplings [17] (similar features are evident in
Fig. 3); nonetheless, these cannot be attributed simply to an
intralayer FM coupling, given the nature of the ensuing LSDW
structure [14–16]. (ii) For intermediate compositions, 0oxo1,
the dominant couplings for xr0:4 are AFM, while they become
FM for x40:6. (iii) In the x¼1 limit, the dominant couplings are
FM [8]. The picture that emerges from these observations is that
both FM and AFM couplings are present in the whole 0rxr1
range; however, the relative importance of these couplings varies
monotonically with x, being dominated by AFM bonds in the low-
x limit while by FM bonds near the x-1 region.
The additional experimental probes used in this work led to a
further estimation of Tcr(x) and the new values are consistent with
the ones obtained earlier [6]. Further, the above picture allows
one to understand the non-linear evolution of Tcr(x): for xo0:4,
the strength of the dominant AFM couplings is progressively
reduced leading to a decrease in TN(x) with @TN=@xC18 K=x.
On the other hand, for x40:4, the magnetic couplings are also
reduced but, being predominantly FM, the rate of reduction of
TC(x), @TC=@xC3 K=x, is almost one-sixth of the value found for
the xo0:4 samples.
For the particular x¼0.4 case, both ferromagnetic and anti-
ferromagnetic couplings are assumed to be present with almost
equal strength. Furthermore, their competitive and opposing
tendencies give rise to two magnetic events which are manifested
as (i) a disorder-to-order transition at T1 and (ii) an order-to-order
transformation at T2. Experimental manifestation of the T2 pro-
cess is evident in all measurements: as a peak in wdcðTÞ, wacðT,f ,HÞ,
and rðT,HÞ, as a surge of a k2 mode in neutron diffraction, and as a
shoulder in C(T). By contrast, since the event at T1 is assumed to
Fig. 8. Thermal evolution of the isoﬁeld ac susceptibility of x¼0.4 sample, taken at 500 Hz. The amplitude of the oscillating ﬁeld is hac ¼ 325 Oe while the range of the
constant applied DC ﬁeld Hdc is between 0 to 30 kOe. (a) w00dc: the out-of-phase component and (b) w
0
dc: the in-phase component.
Fig. 9. (a) Thermal evolution of the zero-ﬁeld resistivity for the x¼0.4 sample. Inset: an example of decomposition of the low-temperature, zero-ﬁeld resistivity curve into
Gaussian contributions centered at T1 and T2, and a conventional metallic Debye–Gru¨neisen contribution [13]; dashed lines represent these individual contributions,
whose sum is shown as a (red) solid line. (b) Same as (a), but on an expanded scale. (c) Same as (b), but measured at 50 kOe. Vertical arrows denote the maxima of the T1
and T2 peaks, while dashed vertical lines compare T1 and T2 measured at H¼0 and 50 kOe (color on web page of this article).
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observation depends on the probing technique; speciﬁcally, it is
evident in wdcðTÞ, wacðT ,f ,HÞ, and rðT ,HÞ but, depending on the
involved frequency window, it appears at different temperatures.
The moment reduction for x¼0.4 (as seen by neutron diffrac-
tion below T2), and the strong low-temperature deviation from
the CW extrapolation (as seen by wdcðTÞ below 150 K) are totallysurprising. It is worth recalling that (i) an application of a
magnetic ﬁeld leads to a full moment saturation at 2 K, (ii) the
thermal evolution of the 50 and 90 kOe induced magnetic
moment is smooth, and with no sign of anomalies, at or below
T1 and T2, and that (iii) the Brillouin function is almost being
followed for T4T1. A Kondo screening, or magnetic ﬂuctuations,
could in principle provide possible mechanisms for the moment
Fig. 10. (a) Thermal evolution of isoﬁeld rðT ,H,x¼ 0:4Þ curves measured at various ﬁelds. Upper left inset: expansion of the low-temperature curves; lower bottom inset:
rðT ¼ 2 K,H,x¼ 0:4Þ (symbols) and applied ﬁeld (solid lines) as a function of time showing the resistivity evolution on the increasing (open symbols) and decreasing
(solid symbols) branch of the applied ﬁeld. (b) Field-dependent rðT ,H,x¼ 0:4Þ isotherms measured at T ¼ 2,6,8,16,20,30 K. The arrows denote the increasing or decreasing
branch of H.
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of a Kondo screening, while the observation of the T1 event in
wdcðTÞ rules out any signiﬁcant role played by magnetic ﬂuctua-
tions. Spin glass features [18] could also be invoked, given that
wacðT,f Þ exhibits a small, but noticeable frequency-dependent shift
in temperature (see the inset of Fig. 6); however, these should
also be discarded, since neutron diffraction indicates well ordered
magnetic and crystalline structures. The observation that the CW
behavior is recovered above 150 K is a strong indication that the
above-mentioned anomalies are related to CEF effects. In the
absence of an applied magnetic ﬁeld, such effects modify the level
scheme of the free Tb3þ ion in such a way that the zero-ﬁeld
moment is strongly reduced, the CW behavior is disrupted below
150 K, and strong hysteresis and relaxation effects are induced.
An applied magnetic ﬁeld re-arranges the CEF-split levels in such
a way that the moment is restored to the values observed in
neighboring compositions, the CW behavior survives to much
lower temperatures, and hysteresis effects are reduced.
In summary, the x-dependent evolution of the thermodynamic
properties of TbðCoxNi1xÞ2B2C was investigated by a wide range
of experimental techniques. We have found that the anomalous
behavior of the x¼0.4 sample is manifested in all probes used,
most notably by a zero-ﬁeld magnetic moment reduction, and a
surge of two magnetic events (argued to be related to disorder-to-
order and an order-to-order transitions). These features are
attributed to combined inﬂuences of competing magnetic cou-
plings and crystalline electric ﬁeld effects. From the theoretical
point of view, one should mention that the generalized suscept-
ibility calculations of Rhee et al. [19] predict a variety of magnetic
modes, one of which was only recently veriﬁed [6]. An alternative
theoretical analysis was proposed by Bertussi et al. [20] based on
an effective microscopic model in which the interplay between
local moments ordering and electron–electron interactions is
explicitly taken into account; in this way, a phase diagramrelating the magnetic coupling to a succession of magnetic modes
has been established [20], in fair qualitative agreement with
experimental observations [6]. However, the results reported
here indicate that a full description of the magnetic properties
in the x 0:4 regime must take into account CEF effects, even if
within an effective framework.Acknowledgments
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